Early malnutrition during gestation and lactation modifies growth and metabolism permanently. Follow up studies using a nutritional rehabilitation protocol have reported that early malnourished rats exhibit hyperglycemia and/or hyperinsulinemia, suggesting that the effects of early malnutrition are permanent and produce a "programming" effect on metabolism. Deleterious effects have mainly been observed when early-malnutrition is followed by a high-carbohydrate or a high-fat diet.
INTRODUCTION
Malnutrition is a persistent health problem affecting people from many communities in the world, in particular children during their first years of life [1] , and it has been intensively studied by many authors during the last 50 years [2, 3] . It is well known that, during the perinatal stage, the different functional systems undergo critical periods of growth and maturing, and cell groups establish strategies for neuronal and endocrine interaction [4, 5, 6] . Evidence indicates that early malnutrition promotes adaptive metabolic strategies, which involve a change in metabolic set points in order to permit survival under critical conditions [7] . Epidemiological studies show that, during adult life, these specially acquired strategies promote faster fat storage and elevate the risk of suffering from glucose intolerance, non-insulin-dependent diabetes mellitus or metabolic syndrome, characterized by hypertension, hyperlipidaemia and, in later life, cardiovascular disease [8, 9] . Among human populations, the mechanisms that link malnutrition and long-term disease are unclear, probably because many environmental variables may influence development and confuse the correlation between disease onset, genetic factors and lifestyle history. Besides this, severity, duration and age during the period of malnutrition are crucial factors in terms of defining its later effects [10] .
Studies using experimental models exposed to a low protein diet during gestation and/or lactation have indicated that early malnutrition in life modifies individual growth and metabolism permanently, leading to long-term alterations in organ size and function, especially in the liver and the pancreas [9] . Thus, gestation and lactation are considered critical periods for the development of these organs as in the case of rats, where protein supply to pregnant and lactating females is essential for the development of the pups' β-cells in the pancreas [11] .
Many studies have explored the short-term consequences of early malnutrition [12, 13, 14] , which are decreased concentration of hepatic enzymes and hormones [15] , impaired glucose metabolism [16] and reduced body weight [17] .
Other studies have evaluated the effects of nutritional rehabilitation over a short-term period [18] : the deficient diet is replaced by a regular balanced diet shortly after weaning or by using a protocol with cross-fostered mothers during lactation [17] . In the short term, malnourished animals exhibit low glucose values [8, 19, 20] , which remain altered after a short-term rehabilitation interval [9, 21, 22, 23] , indicating that individuals remain affected, and that the effects of early malnutrition are not reversible by nutritional rehabilitation in the short-term. Alterations in glucose regulation continue into adulthood and may be due to dysfunction of the pancreas or a deficient uptake of the muscle [24, 25] . Additionally differential gender effects of malnutrition on metabolism have been reported, indicating a higher susceptibility for males to suffer from insulin resistance [9] or other metabolic disorders [19] , as compared to females.
The present study explores whether a balanced diet from weaning onwards, subsequent to gestation-lactation low protein malnutrition is able to revert the effects of early malnutrition on body weight, on organ growth (liver, stomach, epididymal and retroperitoneal fat pads) and on metabolic balance and hormones [26, 27, 28] , in the long term. Besides this, we explored whether in a long term there is a differential response to a balanced diet, depending on gender.
This study explored the metabolic response of young adult rehabilitated rats and their well-nourished controls after 48 h fasting and after 48 h fasting-1.5 h refeeding interval. Both are extreme metabolic conditions, representing a challenge for energy balance, which may unmask metabolic limitations that are not apparent under ad libitum conditions.
MATERIALS AND METHODS

GENERAL CONDITIONS
Animals used for this study were 90 day-old Wistar Rattus norvegicus of both sexes (bred at the Faculty of Medicine of the National Autonomous University of Mexico, UNAM). Rats were born and nourished either by a well-fed or a malnourished primiparous female. They were housed in acrylic cages and maintained in a light-dark cycle 14:10 h (lights on 6:00h), at a controlled temperature of 22-24 o C, humidity 40-50%, with food and water ad libitum. Experimental procedures were approved by the Biosecurity and Bioethics Committee, Faculty of Medicine, UNAM, according to the Mexican Laws for Animal Care [29] , which comply with the Guide for the Care and Use of Laboratory Animals (NIH publication 80-23, revised 1996).
NUTRITIONAL CONDITIONS
Experimental rats were born to 3 month-old virgin females, which were randomly assigned to one of two groups:
1.-Malnutrition (n=6 reproductive females): Rats had free access to an isocaloric low protein diet 6% protein (Harlan TD 92090).
2.-Control (n=5 reproductive females): Rats had free access to a standard Rodent Laboratory diet 23% protein (Purina chow 5001).
Females of both groups were maintained with their corresponding diet from 2 weeks previous to mating and throughout gestation and lactation. After following the assigned diet for two weeks, males were introduced into the females' cages for one week. Reproductive units were formed between one male and two females. Pregnancy was confirmed by abdominal palpation and weight increase.
Date of parturition was estimated 22 days after the introduction of the males into the females' cage. Three days before estimated parturition, females were placed in individual cages with sufficient wood shavings for nesting and maintained in these conditions throughout lactation.
On postnatal (P) day 1, litters were standardized to consist of 8 pups (4 males and 4 females), which were immediately weighed. The body weight of the resulting pups corresponded with data published by other groups providing the same diet [28, 30] . On day P25 litters were weaned, sexed and weighed and 4-6 individuals were housed together in groups pertaining to the same nutritional category and sex. Both groups were fed the standard Rodent Laboratory diet with 23% protein, resulting in the formation of two experimental groups:
Control (C): pups from dams fed a standard diet during gestation and lactation continued to be fed a standard diet after weaning.
Early-Malnutrition (E-M): pups from dams fed a low protein diet during gestation and lactation were fed a standard diet after weaning.
Rats were weighed every 10 days until P90. In order to have an early and long-term index of food intake; on days 29-30 and 86-87, the rats' 24h food ingestion was estimated by weighing the food in the feeder for one day. The proportion of ingested food was estimated according to body weight, group and gender.
In order to describe metabolic strategies at 90 days, males and females from both groups; C and E-M rats (n = 4-8) were randomly tested under one of three metabolic conditions:
1.
-Ad libitum (al): rats remained undisturbed with free access to food (Cal, E-Mal).
2.-Fasting (F): rats were exposed to 48 h of total food deprivation previous to sacrifice (CF, E-MF).
3.-Fasted-reefed satiated (S): rats were exposed to 48 h of fasting and then fed for 90 minutes in order to allow them to become satiated (CS, E-MS).
All animals were sacrificed between 16:00 h and 17:30 h.
SERUM AND ORGAN SAMPLES
Rats were killed by rapid decapitation and then trunk-blood was collected in 10 ml test tubes containing a clot-forming gel (Vacutainer, Becton Dickinson). Tubes were centrifuged at 2,500 rpm for 15 minutes to obtain blood plasma. Aliquots of 200 μL were coded and frozen at -45 o C for subsequent determination of glucose, triacylglycerols, free fatty acids (FFA), insulin and glucagon.
Following blood collection, organs were dissected to obtain wet weight. The stomach was dissected at the level of the lower gastroesophageal sphincter and the pylorus, the liver was dissected at the level of the hepatic portal vein and the suspension ligament. The main liver lobule was frozen at -45 o C for subsequent determination of hepatic glycogen. The retro peritoneal and epididymal or ovarian fat pads were bilaterally dissected following Bartness [31] .
METABOLITES AND HORMONES
Glucose and triacylglycerols were determined from 10 μL of plasma each, with standard kits of Hycel de México No 70408 and Bayer SERA-PAK ® Plus No B01-4551-0, respectively.
FFA were determined using 100 μL of plasma, according to the Novák enzymatic method, as described elsewhere [32] .
Hepatic glycogen was assayed using 1g of tissue, according to the method proposed by Hassid and Abram [33] . The extracted glucose was determined using the same standard kit devised by Hycel.
Insulin and glucagon were evaluated from a sample of 200 μL of plasma with a standard RIA kit of Diagnostic Products Corporation (TKIN1 and KGND1).
STATISTICAL ANALYSIS
Data are reported as mean ± standard error of the mean (sem).
Values of body weight at P6 and P25 were analyzed using a one-way ANOVA for the factor nutritional group (C and E-M). Body weight after weaning was analyzed using a three-way ANOVA, with reference to the following factors: nutritional group (NG), age and gender.
A three way ANOVA for independent samples was used to analyze metabolic variables with reference to the following factors; NG at two levels, gender at two levels, and metabolic conditions (Met) at three levels. Following the ANOVA a Tukey post hoc multiple comparisons test was applied in order to identify differences both within and between groups and significance was set at p<0.05. The statistical analysis was performed using the Statistica program (version 4.5, 1993) and graphics were elaborated using Sigma Plot 2001.
RESULTS
BODY WEIGHT
On day P6, the body weight of the E-M group represented 55% of the C group weight and was statistically different (F(1,70)=583.91; p<0.001). At weaning (P25), body weight of the E-M pups represented 39% of the C group. After weaning, both C and E-M groups increased their body weight until 90 days of age. In spite of the balanced diet, males and females of E-M groups did not reach the body weight of the C rats; at 90 days, E-M male rats had reached 79% of their corresponding C group and E-M females had reached 78% of their corresponding C group body weight ( Figure 1A) .
The three-way ANOVA indicated a significant main effect for NG (F(1,68)=436.52; p<0.001), for gender (F(1,68)=324.29; p<0.001), for age (F(7,476)=1149.45; p<0.001) and the interaction of all factors, NG x age (F(7,476)=11.55; p<0.001), NG x gender (F(1,68)=15.61; p<0.001), age x gender (F(7,476)=54.74; p<0.001) and NG x age x gender (F(7,476)=2.73; p<0.001). The post hoc test revealed higher body weight among C groups throughout the experiment, compared with E-M groups (p<0.001). The test also indicated a difference between male and female body weight in both the C and E-M groups, (p<0.001) ( Figure 1A) . Figure 1 . A) Body weight of rats from weaning to 90 days (n=18). Body weight was significantly different (p<0.001; asterisk) between the control (black circles) and the Early-Malnourished group (white circles). Gender difference was observed in both C and E-M groups (Δ = p<0.001). B) Ratio of body weight increase from weaning to 90 days of age in both groups C and E-M. In spite of the fact that E-M rats remained smaller than their C counterparts, the growth rate varied. The body weight-gain of male C rats from weaning until P90 represented an increase of 539 %, while among the male E-M rats, the weight increment for the same interval represented 1130%. A similar increase in body weight was observed among female C rats, consisting of 359% vs. 800% for E-M rats ( Figure 1B) . This is relevant because on P30 and P87 meal consumption for both males and females from the C and E-M groups was equivalent and proportionately similar to their body weight (Table 1) .
WEIGHT OF ORGANS
The epididymal and retro peritoneal fat pads showed no difference either between nutritional groups under the three metabolic conditions or between genders (data not shown).
The stomach weight in proportion to body weight was similar among C and E-M rats but showed a difference with regard to metabolic conditions. The CS and E-MS showed a higher stomach weight, which represented 6 to 8 times the value of the al libitum and fasting condition (data not shown). The three-way ANOVA did not reveal a statistical difference due to NG (F (1,60=2.02; NS) or gender (F (1,60)=0.00; NS), only a general effect due to the Met (F (2,60)=207.72; p<0.001).
The liver showed a lesser weight (a decrease of 16-24%) in CF, E-MF and CS, E-MS compared with Cal and E-Mal (data not shown). The three-way ANOVA did not indicate an effect due to NG (F (1,60)=1.31; NS) or due to gender (F (1,60)=4.27; NS), however, it indicated a statistical difference due to the Met (F (2,60)=207.72; p<0.001).
SERUM METABOLITES
Triacylglycerols
The plasma concentration of triacylglycerols varied according to metabolic condition. Among C male and female triacylglycerols, concentration was high in Cal and CS and low in CF. However among male and female E-M, the concentration in E-MS remained low with similar values as E-MF ( Figure  2A) .
The three-way ANOVA indicated a statistical effect due to Met (F (2,60)=10.62; p<0.001) and the interaction between NG x Met (F(2,60)=4.90; p<0.01), but no effect was evident due to NG (F (1,60)=1.84 NS), gender (F (1,60)=0.00 NS), or their interaction.
Free fatty acids (FFA)
The metabolic pattern of plasma FFA was similar for all groups, with high values for both of the fasted groups (CF and E-MF) and low values for Cal, E-Mal and for CS, E-MS. The response when fasting was higher among females than males, and in C males it showed the least change with regard to metabolic conditions ( Figure 2B) .
The three-way ANOVA indicated a statistical difference due to the Met (F (2,58)=53.92; p<0.001), interaction NG x Met (F (2,58)=5.55; p<0.001) and Met x gender (F (2,58)=12.14; p<0.001). No statistical effects were found due to NG, gender or their interaction.
Hepatic Glycogen
Among all groups, the hepatic glycogen concentration varied according to the metabolic condition. In ad libitum, glycogen concentration was high, while CS, E-MS exhibited low values and CF, E-MF showed minimal values. Besides this, the hepatic glycogen in Cal and E-Mal was higher among males than among females. In CS and E-MS, hepatic glycogen increased, although not significantly, from CF and E-MF ( Figure 3A) .
The three-way ANOVA indicated a statistical difference due to the factors NG (F (1,58) 
Glucose
The dynamic of plasma glucose was very similar among nutritional groups with similar values for Cal, E-Mal and CS, E-MS and low values during fasting for CF and E-MF. The E-MS females represented an exception, reaching significantly higher values than the CS, after refeeding ( Figure 3B) .
The three-way ANOVA revealed a difference between NG (F (1,60) = 5.28; p<0.02), Met (F(2,60) = 35.11; p<0.001) and the interaction NG x gender (F (1,60) = 6.17 p<0.01). No significant effects were found due to gender (F (1,60) = 1.51 NS) and the combination of factors NG x Met, Met x gender and NG x Met x gender.
SERUM HORMONES
Insulin
The general pattern of insulin secretion was similar for the different nutritional groups. As expected, initial concentration observed in Cal and E-Mal, decreased in CF and E-MF and increased in CS and E-MS. Cal males exhibited higher insulin levels than the E-Mal males and than the Cal females ( Figure  4A) .
The three-way ANOVA showed differences between Met (F(2,60) = 21.58; p<0.001) and between the combination of factors NG x gender (F(1,67)=8.48; p<0.004), but we could not find any differences between NG (F (1,67)=0.38 NS), gender (F (1,67) =1.89 NS) or the combination of these factors. 
Glucagon
Plasmatic glucagon levels were similar for Cal, E-Mal and CS, E-MS. When fasting, the concentration of glucagon recorded high levels for both males and females. However E-M females recorded high levels after the refeeding episode ( Figure 4B) .
The three-way ANOVA showed a difference between Met (F(2,53)=1.14; p<0.05) and we did not find any differences between NG (F(1,53)=3.57; p<0.06), gender (F (1,53)=3.12 NS) or the combination of these factors.
Insulin/Glucagon ratio
The insulin/glucagon ratio represents the proportion of insulin to glucagon and indicates the catabolic or anabolic tendency in the organism. The general tendency in Cal and E-Mal was an elevated insulin/glucagon ratio in comparison with CF and E-MF, where insulin was decreased in proportion to glucagon. This dynamic was observed among both nutritional groups of males as well as in the C female group. In E-Mal and E-MF females the dynamic was similar to the other groups, but after refeeding the ratio of E-MS remained low and similar to E-MF ( Figure 4C) .
The three-way ANOVA revealed a difference between Met (F(2,51)=11.71; p<0.001), the combination of the factors NG x Met (F(1,51)=4.69; p<0.01) and NG x gender (F (1,51)=9.21; p<0.001). We did not find differences between NG or gender or the combination of these factors.
DISCUSSION
Present data indicate that early malnutrition can affect body weight among rats exposed to a regular diet after weaning, and that at 90 days of age rehabilitated rats do not reach a body weight equivalent to their controls. Effects of early malnutrition were observed specifically in females, where a significantly different metabolic response was observed in a fasted-reefed satiated condition. The differential response was observed in plasma concentrations of glucose and glucagon. This difference was not observed under regular ad libitum conditions, but was evidenced when rats were exposed to a metabolic challenge of 48 hrs fasting and refeeding.
During lactation, early malnourished rats showed a slow increase in body weight and, at weaning, E-M rats showed a significantly low body weight, which represented 39% of their C. Body weight values among E-M rats at weaning are in conformity with previously reported data [28] . At 90 days and after a post weaning period with a balanced diet, E-M rats still exhibited a lower body weight than their C. Similarly, other authors with different rehabilitation protocols have reported that early malnourished animals do not reach the same values as their controls, and have concluded that they were not rehabilitated [17, 22, 34, 35] .
However, present data indicate that early malnourished rats exhibited a greater rate of weight gain than their well-fed controls and, due to their initial deficiency; E-M rats did not reach the C body weight at 90 days. It is important to point out that, at 30 and 90 days, the proportion of ingested food for body weight was similar for both groups (Table 1) . Thus, the increased weight gain ratio suggests that E-M rats may benefit more from nutrients contained in the same diet and may have a greater propensity towards gaining weight. This propensity of malnourished rats is termed by some authors as the "thrifty phenotype" [6, 7] , which indicates that early malnourished rats possess a metabolism which allows them to benefit from nutrients and build up energy stores in greater proportion than their C. This may lead E-M rats to become obese, resulting in metabolic disturbances [36] .
The wet-weight of the stomach did not vary significantly between nutritional groups, but for the animals of the fasted-reefed condition the organs weighed significantly more due to the food which was ingested during the previous 90 min, while the fasted and al rats exhibited empty stomachs. The average amount of food ingested during this 90 min interval was 15g for C and E-M males, 12g for the C-S females and 9.8g for E-MS females. Although it seems different, in terms of body weight, the proportion of ingested food was not statistically different among the groups and gender.
In general, all the organs (liver, stomach, retro peritoneal and epididymal fat pads) were smaller among E-M rats, but all weights were similar when normalized with their body weights. Present data differ from previously published data which report a difference in the total weight as well as in proportional weight in organ size, in retro peritoneal and gonadic fat pads, when rehabilitated and control rats are compared [10, 17, 35, 37] . In the present study, we did not find a selective difference in proportional organ weight associated with gender.
Plasma concentration of triacylglycerols in both nutritional groups showed a similar pattern during ad libitum and fasting, as reported by Triscari [38] . However E-MS did not show an increase after the meal as was observed in the C group, and as described by Samra [39] . A previous study reported that rehabilitated animals subsequent to diverse protocols of malnutrition show decreased concentrations of triacylglycerols and that this process is more evident in males than in females [40, 41] . Present data indicate similar values between C and E-M groups and a difference only became evident after the fasting-refeeding challenge. According to our estimations for food ingested during the 90 min interval, the amount of food is not a significant factor for determining the difference between CS and E-MS. It is possible that the decreased triacylglycerols value among the E-MS rats subsequent to the meal was due to faster digestion and mobilization in order to replete their fat stores. Besides this, low triacylglycerol levels have been described among a substantial number of animals, submitted to successive fasting intervals [42] .
The plasma FFA concentrations in ad libitum conditions were similar among the various nutritional groups and the response to the metabolic challenge of fasting demonstrated an increase as expected [43] . During fasting, females exhibited higher values of plasma FFA than males, in conformity with previous reports [19, 39] . A previous study has reported that early malnourished animals in fasting conditions exhibit a delay in their utilization of FFA as an alternative energy source, probably due to the fact that they store more hepatic glycogen, which is subsequently the first energy source to be mobilized [44] . The present data suggest that E-MF rats mobilize FFA during fasting, and the delay in its utilization may be the reason for the high levels observed among E-M rats. Kabadi et al [45] have suggested that this increased mobilization of FFA is able to promote a long term resistance to insulin and also lead to metabolic imbalance.
The patterns of hepatic glycogen showed similar variations depending on the Met in different nutritional groups. All groups showed very low glycogen values after fasting, partly resulting from the effects of refeeding. Similar values were observed for liver weight, which showed very low values after fasting. We can thus suggest that low values for liver weight during fasting may be due to glycogen depletion. Among early-malnourished rats at 1.5 months of age, a higher storage of glycogen has been previously reported, as well as a delayed mobilization of hepatic glycogen during fasting, when compared to control animals [46] . The prolonged fasting data from the present study do not permit the confirmation of this process. Higher levels of glycogen have been reported among males when compared to females; this gender specificity was reported by Teutsch [47] and Triscari [38] and our data confirm these previous findings.
Similar patterns for plasmatic glucose and insulin concentrations were observed among all groups. Only significantly high glucose values were observed among E-MS females, pointing out the selective deficiency of females for maintaining their glucose balance, especially after a big meal. This may be due to a deficiency in insulin secretion; however, present data do not confirm this. Previous studies have reported low glucose concentrations among early malnourished rats during a glucose tolerance test associated with a high insulin release [5] . Besides this, low insulin levels have been reported at early stages, when rats are exposed to a low protein diet [10, 45] . In the present study no significant differences were detected either in insulin or in glucose levels among E-M rats. We may speculate that, in general, exposure to a balanced diet promotes recuperation of the pancreatic function, although other studies testing effects in the short term did not observe a reversal of effects [48, 49] .
Mean glucagon concentrations were also similar for all groups, indicating that the early change of diet, promotes a similar pancreatic response among E-M rats. It is important to point out that, among the E-MS females, the glucagon levels remained elevated after the fasting-feeding episode. It was previously reported that malnourished animals show decreased concentration of glucagon, compared with control animals [10] , and a significant increase after fasting [40] .
In this study, the ad libitum data do not reflect a significant difference among nutritional groups, thus indicating strong adaptive homeostatic strategies, which are necessary for survival. The use of a metabolic challenge due to prolonged fasting and refeeding revealed the capacities and limits of response among E-M rats, especially among females. Under a fasted-reefed condition, the E-MS female rats exhibited high levels of glucose and glucagon that made evident a deficient capacity for reacting to a metabolic challenge. The high levels of glucagon during fasting-refeeding may exert a strong stimulus for the liver to produce glucose and may mediate the increased glucose level observed after a meal among E-MS females. The differential vulnerability defined by gender for developing hyperglycemia and diabetic-type conditions has been reported previously, and indicates a propensity for insulin resistance among males and low insulin production among females [9] . The factors promoting this differential susceptibility are diverse. This differential vulnerability in females can be explained by a gender dependent liver enzymatic activity, as described by Lee et al [50] . A differential distribution in enzymes involved in glucose production can lead females to a higher propensity to develop diabetes. On the other hand steroid hormones can play a relevant role for building up adipose and thus also influence energy metabolism. A recent study described lower sensitivity in female rats to insulin and higher susceptibility for perturbations in pancreatic islet morphology [51] . Thus, diverse morphological and functional factors may promote this gender dependent susceptibility to metabolic alterations.
Several studies have indicated that a long-term metabolic derangement in early malnourished rats is observed when rats are exposed to high-caloric, high-fat diets mainly in later life [52, 53] . Under such conditions rats develop a metabolic syndrome, characterized by hyperlipidemia, obesity and hypertension [54] . In the present study the balanced diet did not unleash a chain of metabolic disorders or imbalances. However, when rats were exposed to a metabolic challenge, such as prolonged fasting and refeeding, the metabolic deficiencies were unmasked and expressed, especially among females. The mechanisms for these alterations are not yet clear, but apparently malnutrition during critical periods of development modifies metabolic regulatory set-points and produces susceptibility in the individual towards suffering metabolic disorders, which may be unleashed by extreme metabolic conditions or unbalanced diets.
